The load-carrying capacity of reinforced concrete corbels may be calculated by several methods. They include the shear-friction approach, 14 the truss analogy ,S· 9 the geometrical method of force distribution,
.
12 and the theory of plasticity.ll· 15 The shear friction method is adopted in the ACI Building Code 16 and is generally used in the U.S., while the other methods are used in the European countries.
In the U.S., a traditional approach has been either empirical or semi-empirical, consistent with large numbers of test results. On the other hand, a mathematical model describing the mechanism of the member has more advantages. One can calculate the ultimate capacity effectively and simply and also dimension and detail the member economically.
In this paper a simplified, practical, and safe design approach is presented in calculating the ultimate load capacity of reinforced concrete corbels. The results are compared with the data obtained from 398 tests in 16 different investigations to indicate the effectiveness of this approach.
THEORY
The proposed structural model is based on the one by Leonhardt and Monning 17 and simplified using Steinle's approach. 18 It is assumed that concrete acts as inclined lamellas between the cracks, transmitting only the compression forces. Other assumptions made are as follows:
1. Any shear transfer across the crack caused by either aggregate interlock or dowel action is neglected.
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2. Local effects such as those caused by reactions and loads are neglected.
3. Equilibrium condition must be fulfilled. 4. Failure occurs due to crushing of concrete or yielding of steel.
5. The tensile strength of concrete is neglected. 6. The concrete strength is assumed equal to the cylinder strength, and the maximum strain in the concrete is equal to 0.003.
7. The mathematical mode must comply with the geometry of the member; this applies particularly to the reinforcement and its anchoring.
It should be noted that most of the above assumptions are made in general analysis theory of reinforced concrete structures (e.g., References 3 through 6); the other assumptions are essentially conservative in nature.
The state of forces at failure is shown in Fig. 1 (27 .6 MPa) and is reduced at a rate of 0.05 for each 1000 psi (6.9 MPa) of strength in excess of 4000 psi with the lower limit of 0.65. V,, N" = ultimate design shear and transverse force on corbel.
Substituting the value of x and Din Eq. (1) bd(f;) 4 .45 (
Nu flh)
Eq. (2) can be simplified by assuming fihla = 0.3
It may be noted that for the values of N,/ V,, changing from 0 to 0.2, a corresponding change in bd.JJ: IV,, is 0 to 6 percent; therefore, the term with horizontal force N" and V,, in Eq. (2) could be ignored
Eq. (4) 
(Reference 7) (6) bdf' 3.57 (Reference 18) (7) V,,
{11
The comparison of Eq. (4) with the preceding equations is shown in Fig. 2 .
From Fig. 2 , it can be seen that the proposed curve is very similar to the M/B curve, i.e., Eq. Fig. 3(a) ] and inclined shear reinforcement [ Fig. 3(b ) ] . The ultimate load was calculated based on the concrete cylinder strength. Where required, the cylinder compressive strength f: was taken to be equal to 0.85 f:ubc or equal to f;,,,m, as the case may be. Fig. 4 , 5, and 6 show the plots calculated and experimental shear force V" of reinforced concrete corbels and was found to be in reasonably good agreement within ± 30 percent. The sta- 
ANALYSIS OF TESTS
Results of tests from I6 available references 1 • 3 • 5 • 7 • 10 • 22 . 31 • 35 were compared to the results obtained using Eq. (4) developed in this paper. The tests cover a/ d values from 0.----~=-------~Vu O."'d h d
---··..ot::--··-·--·---··-·--···-·--o~----~----,o~.~----~~--~~~.o----~,2~1~--~~~
"/4 Fig. 2 -P/ot ofa/d versus f;bd/V" tistical analysis of these tests indicated the mean value of 0.996, a variance of 0.109, standard error of 1.8 percent, and standard deviation of 0.33. DETAILING OF CORBEL Detailing of the member is essential in anchoring the reinforcement. 24 Adequate recommendations on detailing are given by Horacek 34 and Leonhardt and Monning. 35 The anchorage of primary tension reinforcement may be a welded-on anchorage plate or a thick transverse bar. It is preferable to use bent reinforcement, but it may not always be more convenient and economical.
DESIGN EXAMPLE 1 (Reference
A recommended detail, based on the tests conducted by Horacek, is shown in Fig. 7 .
It is also essential that the main reinforcement be extended outside the bearing plate due to relatively large radius of bend. This problem may be avoided by using smaller diameter bars.
It is preferable to use the load-bearing plate approximately 2 in. (51 mm) shorter than the width of the corbel. The front edge of this plate should not be extended beyond the center of curvature of the loop reinforcement.
It is recommended that some reinforcement be used in the compression zone. Area of such reinforcement should not be less than 0.5 percent of the area of compression strut. When aid < 0.5, some stirrups along with main reinforcement should be considered. Higher percentage of steel will result in failure before the yield stress is reached in steel. The percentage of steel improves with increasing concrete strength to achieve the yield stress. It should also be noted that, in case ·of vertical load V,, only, the cracked plane with maximum shear stress is at I 7 deg to the vertical plane. Detailing of the corbel should comply with the structural model, in particular the anchorage of the reinforcement at the corbel end and in the column, as well as the location and dimensions of the bearing plate where the loads are transferred to the corbel.
CONCLUSIONS
Finally, it may be concluded that the proposed method is simpler than the other available approaches. The shear friction theory, for example, is restricted to aid < 0.65, and the ratio of shear stress to concrete strength is limited to 0.35, i.e., V,,!f' :::;; 0.35.
